Scanning tunneling microscopy reveals that benzenethiol molecules adsorb on Cu͑111͒ in two rotational conformations at a difference in binding energy of 0.01 eV. A rotational barrier of 0.13 eV allows for facile conversion between them even at cryogenic temperatures. The barrier for molecular diffusion is slightly higher at 0.15 eV. Density functional theory calculations of the diffusion/ translation trajectory are in good agreement with the measured barriers. These findings point to the importance of molecular dynamics for arenethiol-based molecular conductivity measurements.
Thiol-linked organic molecules on coinage metal surfaces are common systems for the exploration of fundamental electronic properties of individual molecules 1 and molecular arrays 2 such as quantized conductance and intramolecular charge transfer. Thiol-based self-assembled monolayers ͑SAMs͒ have matured to a universal tool for the functionalization of surfaces with organic species for molectronic and sensing application. 3 Several previous studies addressed the structure of thiol SAMs, 4 yet despite several breakthrough studies of SAM formation, 5 very little is known about the dynamics of the thiol linker on metal surfaces at the atomic scale. This is mainly due to the common practice of solution-phase preparation of SAMs, which does not lend itself to the study of the dynamics of individual molecules. However, the surface dynamics of aromatic thiols is of fundamental importance for the formation of order during film preparation and for the degradation and aging of the resultant films.
Particularly in electric conductivity measurements on individual molecules, motion of the species can significantly impact the observed transport characteristics, which may be the origin of some of the features reported so far. 6 In order to learn more about the surface dynamics of molectronic molecules attached to metal atoms, this study explores the rotation and diffusion of isolated benzenethiol molecules on Cu͑111͒ using variable temperature scanning tunneling microscopy ͑STM͒ experiments and density functional theory ͑DFT͒-based simulations. The ͑111͒ face is the thermodynamic equilibrium face of coinage metals and, thus, a good starting point for such explorations, even though realistic single-molecule junctions may have a significantly more complex and less well-defined setup.
Benzenethiol contains both the aromatic moiety and the thiol linker common in molectronic molecules, yet it is sufficiently small to be treated at high resolution experimentally and theoretically. In contrast to gold ͑which is often used in laboratory-scale exploration of molectronic properties͒, copper is compatible with state-of-the-art semiconductor processing techniques for microelectronic applications. The adsorption properties of benzenethiol on Au͑111͒ and Cu͑111͒ are very similar as suggested by a comparison of Refs. 7 and 8.
This study utilizes a homebuilt STM housed in an ultrahigh vacuum chamber ͑base pressure Ͻ10 −10 torr͒. Benzenethiol deposition occurred after cooling of a clean Cu͑111͒ surface to Ͻ90 K. Coverages are below 0.01 benzenethiol molecules per substrate atom ͑monolayers͒. Theoretical investigations were performed using a DFT code, implementing the generalized gradient approximation 9 with ultrasoft pseudopotentials 10 and a Monkhorst-Pack k-space mesh.
11 A 4ϫ 4 substrate cell and two substrate layers ͑32 substrate atoms͒ were used for the calculations and all atoms were relaxed to Ͻ20 meV/ Å forces. All minima of the potential energy surface have been verified using a cell with four substrate layers.
A sequence of images of benzenethiol molecules on Cu͑111͒ obtained at 60 K is shown in Fig. 1 . An extended movie is available in the supporting information section. Each of the molecules is imaged as a protrusion with a shoulder that is surrounded by an apparent depression of the substrate. The shoulder has previously been identified experimentally as the sulfur anchor of benzenethiol. 12 Theory showed that it resides slightly offset from a fcc hollow towards an adjacent bridge site 8 ͓I in Fig. 2͑a͔͒ , i.e., quite similar to benzenethiol on Au͑111͒. 7 In this configuration, the benzene ring resides above a hcp hollow site ͓I of Fig.  2͑a͔͒ and three of its carbon atoms close to on-top sites. Due to the threefold symmetry of the substrate, there are three equivalent rotational orientations separated by angles of 120°. Analysis of the orientation of several thousands of benzenethiol molecules in several hundreds of STM images shows a strong preference for orientation ͓I of the molecule is also found at 60°with respect to it, i.e., with the benzene ring near an on-top site ͓II of Fig. 2͑a͔͒ . DFT shows a local adsorption minimum for this orientation, which places each of the carbon atoms above a hollow site and shifts the S atom towards the bridge that is crossed by the S-C bond. Consequently, rotation of benzenethiol from I to II also involves translation of the sulfur linker by Ϸ0.6 Å. Evaluation of the experimental ratio of 1 : 20± 1 between orientations II and I using the Boltzmann equation suggests a difference in binding energy of 15.5± 0.3 meV, in good agreement with a difference of 19 meV obtained by DFT.
The rate of rotation between orientations I and II ͑and vice versa͒ was measured at various temperatures. Typical image acquisition rates are 27 s/image and several thousands of images were evaluated. We varied the imaging voltage, current, and rate to ensure that there is no tip effect on the data. The resultant Arrhenius plot is shown in Fig. 3 . As expected, the rotation from II to I is significantly more rapid than the reverse. The Arrhenius plot indicates barriers of 0.13 and 0.12 eV at prefactors of 1 ϫ 10 8 and 6 ϫ 10 8 Hz, respectively. The difference in activation energy is in good agreement with the estimates based on the Boltzmann distribution and DFT. The attempt frequencies are astonishingly low, but similar to those observed for CO on copper in this temperature regime. 13 Diffusion of the substrate linker occurs Ϸ6 times less often than rotation. It proceeds towards all neighboring adsites ͑at similar likelihood͒ except those exactly normal to the S-C axis of benzenethiol. Consequently ͓see Fig. 2͑a͔͒ , all diffusion events are equivalent ͑assuming time-inversion symmetry͒. The Arrhenius plot indicates a barrier of 0.15 eV for translation, i.e., significantly higher than the rotational barrier. This is balanced by a substantially higher attempt frequency of 1 ϫ 10 10 Hz. The trajectory of benzenethiol during rotation was explored theoretically using cycles of rotation of the molecule around the sulfur linker by increments of 5°and relaxation of the energy of the entire system constraining only the angle between the S-C vector and the substrate high-symmetry direction. This procedure reveals a rotation pathway, in which the molecule rotates initially by Ϸ35°from configuration I while the sulfur linker shifts by Ͻ0.1 Å from its original position. At this point, the benzenethiol reaches the rotation transition state ͑Fig. 4͒. Further rotation causes the sulfur atom to shift to the adsite of configuration II accompanied by a decrease of the total energy of the system. The energetic barrier of this process ͑128 meV͒ is in excellent agreement with the measured value. It is important to stress, however, that the complexity of the configuration space also allows for a multitude of alternate rotation pathways, e.g., if the sulfur linker was forced laterally from its position in I to its position in II in increments of 0.1 Å while relaxing the remainder of the system ͑including molecular rotation͒ at every step, the resultant pathways coincides with the previous one only in the initial and the final configuration. The corresponding potential energy trajectory shows two barriers of Ϸ100 meV each. This highlights the limitations of the theoretical method employed here. It also underlines the importance of configuration space, i.e., entropy, considerations for the molecular behavior. The measured attempt frequency is known to depend critically on entropy changes along the rotation pathway. This may very well be the origin of ͑a͒ the very low prefactor of rotation and ͑b͒ the slight increase in rotation rate at very low temperatures ͑Fig. 3͒.
The benzenethiol translation was modeled by moving the sulfur linker from one adsite to the next in increments of 0.1 Å, while at every step relaxing all but the sulfur coordinate along a line connecting two adjacent adsites. The resultant potential energy curve is shown in Fig. 4 . It indicates a diffusion barrier of 153 meV. Albeit its excellent agreement to the experiment, similar limitations apply here as discussed with respect to rotation. In summary, a detailed analysis of the dynamics of benzenethiol, the simplest aromatic thiol, attached to a coinage metal surface shows-even at cryogenic temperaturessignificant mobility both of the aryl moiety and of the substrate linker. Closely related molecules, e.g., dithiobenzene, have been used for studies of single-molecule conductivity. Our findings suggest that both rotational and diffusive mobilities of arenethiols may be a significant source of fluctuations in such setups. They call either for a more rigid attachment methodology or for very low temperatures in such experiments.
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